We optimize the recording medium for heat-assisted magnetic recording by using a high/low T c bilayer structure to reduce AC and DC noise. Compared to a former work, small Gilbert damping α = 0.02 is considered for the FePt like hard magnetic material. Atomistic simulations are performed for a cylindrical recording grain with diameter d = 5 nm and height h = 8 nm. Different soft magnetic material compositions are tested and the amount of hard and soft magnetic material is optimized. The results show that for a soft magnetic material with α SM = 0.1 and J ij,SM = 7.72 × 10 −21 J/link a composition with 50% hard and 50% soft magnetic material leads to the best results. Additionally, we analyse how much the areal density can be improved by using the optimized bilayer structure compared to the pure hard magnetic recording material. It turns out that the optimized bilayer design allows an areal density that is 1 Tb/in 2 higher than that of the pure hard magnetic material while obtaining the same SNR.
I. INTRODUCTION
Heat-assisted magnetic recording (HAMR) [1] [2] [3] [4] [5] [6] [7] is a promising recording technology to further increase the areal storage densities (ADs) of hard disk drives. Conventional state-of-the-art recording technologies are not able to overcome the so-called recording trilemma [8] : Higher ADs require smaller grains. These grains need to have high uniaxial anisotropy to be thermally stable. However today's write heads are not able to produce fields that are strong enough to switch these high anisotropy grains. In the HAMR process a heat pulse is included in the recording process to locally heat the recording medium. This leads to a drop of the coercivity, making the high anisotropy recording medium writeable. The medium is then quickly cooled and the information reliably stored. To reach high linear densities it is necessary to reduce AC and DC noise in recording media [9] . AC noise determines the distance between neighboring bits in bitpatterned [10] [11] [12] media or the transition between grains in granular media. DC noise restricts the maximum switching probability of grains away from the transition. It has been shown, that pure hard magnetic grains do not switch reliably [13] if bit-patterned media are considered whereas non-optimized exchange coupled bilayer structures [14] [15] [16] [17] [18] [19] of hard and soft magnetic material experience high AC noise [20] . A work to reduce noise in recording media by optimizing a high/low T c bilayer structure (see Ref. [21] ) showed that an optimial bilayer structure consists of 80% hard magnetic and 20% soft magnetic material. However, in the former work the Gilbert damping was assumed to be α HM = 0.1 which is hard to achieve in a FePt like hard magnetic material in reality. In realistic hard magnetic recording materials, the damping constant is α = 0.02, according to the Advanced Storage Technology Consortium (ASTC) [22] . a) Electronic mail: olivia.muthsam@univie.ac.at
Since it has been shown that the damping constant has a strong influence on the maximum switching probability and the down-track jitter, we follow the optimization approach and optimize a bilayer structure for the ASTC parameters. After the optimization, we study how the optimized material differs from that with α HM = 0.1. Additionally, we investigate how much the areal storage density (AD) can be improved when using the optimized recording material instead of the pure hard magnetic one. This is done with the help of the signal-to-noise ratio (SNR), which gives the power of the signal over the power of the noise and is a good indicator for the quality of written bits. The structure of this work is as follows: In Section II, the HAMR model and the material parameters are presented. In Section III, the results are shown and they are discussed in Section IV.
II. HAMR MODEL
The optimization simulations are performed with the atomistic simulation program VAMPIRE [23] which solves the stochastic Landau-Lifshitz-Gilbert (LLG) equation. In the simulations, a cylindrical recording grain with a diameter d = 5 nm and a height h = 8 nm is used. It can be considered as one recording bit in bit-patterned media. A simple cubic crystal structure is used and only nearest neighbor interactions are considered. The effective lattice parameter a and the exchange interaxtion J ij are adjusted in order to lead to the experimentally obtained saturation magnetization and Curie temperature. [24; 25] . The write head is assumed to move with a velocity of v = 15 m/s. A continuous laser pulse is assumed with the Gaussian temperature profile
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The full width at half maximum (FWHM) is assumed to be 60 nm. Both, the down-track position x and the off-track position y are variable in the simulations. The initial and final temperature is T min = 300 K. The applied field is modeled as a trapezoidal field with a write field duration of 0.57 ns and a field rise and decay time of 0.1 ns. The field is applied at an angle of 22 deg with respect to the normal. The field strength is assumed to be +0.8 T and -0.8 T in z-direction. Initially, the magnetization of each grain points in +z-direction. The trapezoidal field tries to switch the magnetization of the grain from +z-direction to −z-direction. At the end of every simulation, it is evaluated if the bit has switched or not.
A. Material parameters
The material parameters for the hard magnetic material can be seen in Table I . For the soft magnetic material, the atomistic spin moment is assumed to be µ s = 1.6 µ B which corresponds to a saturation polarization J s = 1.35 T. The uniaxial anisotropy constant k u,SM in the soft magnetic layer is initially set to 0 but later varied. The Gilbert damping α SM and the exchange interaction J ij,SM within the soft magnetic material are varied. Experimentally, it is possible to increase the damping constant by doping the soft magnetic material with transition metals like Gd or Os [26] [27] [28] [29] [30] . Thus, also enhanced damping constants α SM larger than 0.02 are considered in the simulations.
III. RESULTS

A. Hard magentic grain
First, a switching probability phase diagram for the pure hard magnetic material is computed where the switching probability is depending on the down-track position x and the off-track position y. With eq. (2) each off-track position y can be transformed into an unique peak temperature T peak , if the write temperature T write is fixed, and vice versa. Thus, the switching probability in Figure 1 is shown as a function of the down-track position x and the peak temperature T peak that corresponds to y. The resolution of the phase diagram in down-track direction is ∆x = 1.5 nm and that in temperature direction is ∆T peak = 25 K. In each phase point, 128 trajectories are simulated with a simulation length of 1.5 ns. Thus, the phase diagram contains more than 30.000 switching trajectories. From the phase diagram it can be seen that FIG. 1. Switching probability phase diagram of a pure FePt like hard magnetic grain. The contour lines indicate the transition between areas with switching probability less than 1% (red) and areas with switching probability higher than 99.2% (blue). The dashed lines mark the switching probability curves of Figure 2 .
the pure hard magnetic grain shows only two small areas with switching probability larger than 99.2%. This threshold is used, since 128 simulations per phase point are performed and a switching probability of 100% corresponds to a number of successfully switched trajectories larger than 1 − 1/128 = 0.992.
To determine the down-track jitter σ, a down-track switching probability curve P (x) for −20 nm ≤ x ≤ 6 nm at a fixed temperature T peak = 760 K is determined for pure hard magnetic material (see Figure 2 ). The switching probability curve is fitted with a Gaussian cumulative function
with
where the standard deviation σ, the mean value µ and the mean maximum switching probability P ∈ [0, 1] are the fitting parameters. The standard deviation σ determines the steepness of the transition function and is a measure for the transition jitter. In the further course it will be called σ down . The fitting parameter P is a measure for the average switching probability for sufficiently high temperatures. The resulting fitting parameters of the hard magnetic material can be seen in Table V 2. Down-track switching probability curve P (x) at a peak temperature T peak = 760 K for a pure hard magnetic grain.
where σ g is a grain-size-dependent jitter contribution [31] . The write jitter can then be calculated by
where W is the reader width and S = D + B is the grain diameter, i.e. the sum of the particle size D and the nonmagnetic boundary B [32; 33] .
B. Media Optimization
To find the best soft magnetic material composition, down-track switching probability curves P (x) similar to Figure 2 are computed for 50/50 bilayer structures with different damping constants α SM and different exchange interactions J ij,SM . The range in which the parameters are varied can be seen in Table II . Note, that P (x) is computed at different peak temperatures for the different exchange interactions, since there holds
where k B is the Boltzmann constant, z is the number of nearest neighbors and is a correction factor from the mean-field expression which is approximately 0.86 [23] . The temperature at which P (x) is calculated is chosen to be T C + 60 K. The down-track switching probability curves are then fitted with eq. (4). The down-track jitter parameters as a function of the damping constant and the exchange interaction can be see in Figure 3 . The maximum switching probability is 1 for α ≥ 0.1.
From the simulations it can be seen that a Gilbert damping α SM = 0.1 together with J ij,SM = 7.72 × 10 −21 J/link leads to the best results with the smallest down-track jitter σ down = 0.41 nm and a switching proability P = 1. The last soft magnetic parameter that is varied, is the uniaxial anisotropy k u,SM . It is known that the smallest coercive field in an exchange spring medium can be achieved if K SM = 1/5K HM [34; 35] . Here
are the macroscopic anisotropy constants in J/m is α SM = 0.1. The resulting fitting parameters are summarized in Table III . It can be seen that the switching probability is one for all varied k u,SM . However, the down-track jitter increases for higher k u,SM . Since for k u,SM = 0 J/link the jitter is the smallest, this value is chosen for the optimal material composition.
In conclusion, the material parameters of the optimized soft magnetic material composition can be seen in Table IV. Next, simulations for different ratios of hard and soft magnetic material are performed. Down-track switching probability curves P (x) are computed for different ratios at T peak = 780 K and the down-track jitter and the mean maximum switching probability are determined. The results are listed in Table V . It can be seen that a structure with 50% hard magnetic and 50% soft magnetic materials leads to the smallest jitter and the highest switching probability. This result differs from the optimized material composition in Ref. [21] , where the optimal composition consists of 80% hard magnetic and 20% soft magnetic materials. In Figure 4 , a switching probability phase diagram of the optimized bilayer structure with 50% hard and 50% soft magnetic material can be seen. It is visible that the switching probability of the structure is larger than 99.2% for a bigger area of downtrack positions and peak temperatures. This shows the reduction of DC noise in the optimized structure.
C. Areal Density
To analyse the possible increase of areal density by using the optimized bilayer structure instead of the pure hard magnetic recording medium, the signal-to-noise ratio is calculated. With the help of an analytical model of a phase diagram developed by Slanovc et al [33] it is possible to calculate a switching probability phase diagram from eight input parameters. The input parameters are P max , σ down , the off-track jitter σ off , the transition curvature, the bit length, the half maximum temperature and the position of the phase diagram in T peak direction and the position of the phase diagram in down-track direction. The σ down and P max values are those result- FIG. 4 . Switching probability phase diagram of recording grain consisting of a composition of 50% hard magnetic material and 50% soft magnetic material with ku,SM = 0 J/link and Jij,SM = 7.72 × 10 −21 J/link. The contour lines indicate the transition between areas with switching probability less than 1% (red) and areas with switching probability higher than 99.2% (blue).
ing from the simulations for pure hard magnetic material and the optimized bilayer structure. All other model input parameters are obtained by a least square fit from a switching probability phase diagram computed with a coarse-grained LLB model [36] . The phase diagram is mapped onto a granular recording medium where the switching probability of the grain corresponds to its position. The writing process is repeated for 50 different randomly initialized granular media. The SNR is then computed from the read-back process with the help of a SNR calculator provided by SEAGATE [37] . The SNR is analysed for areal densities of 2 to 5 Tb/in 2 . For the bitsize (bs) at a certain areal density, there are different track width and bit length combinations (t, b) that yield
To compute the SNR for a certain (t, b) combination, the reader was scaled in both the down-track and the offtrack direction according to the bit length and the track width, respectively. The reader resolution R in downtrack direction is scaled by
where b is the bit length, R 0 = 13.26 nm is the initial reader resolution and b 0 = 10.2 nm denotes the mean initial bit length according to ASTC. In off-track direction, the reader width is scaled to the respective track width t. The initial track width is 44.34 nm. In Figure 5 (a) and (b) the SNR is shown as a function of the bit length and the track width for pure hard magnetic material and the optimized bilayer structure, respectively. Additionally, the phase plots include the SNR curves for (t, b) combinations that yield areal densities from 2 to 5 Tb/in 2 . From the phase diagram it is visible that higher SNR values can be achieved for the optimized structures than for the pure hard magnetic material in the same bit length − track width range. For example, the SNR for an areal density of 2 Tb/in 2 for the bilayer structure is larger than 15 dB whereas it is between 10 dB and 15 dB for pure hard magnetic material. For each AD there is a (t, b) combination for which the SNR is maximal and which is marked by a dot in the phase plot. In Figure 6 the maximum SNR over the areal density is displayed for both structures. The results show that the SNR that can be achieved with the optimized structure is around 2 db higher than that of the hard magnetic material, if the same areal density is assumed. To get the same SNR, the optimized design allows for an areal density that is 1 Tb/in 2 higher than for the hard magnetic one. Summarizing, the bit length − track width combinations at which the maximum SNR is achieved are given in Table VI . 
IV. CONCLUSION
To conclude, we optimized a recording medium with high/low T C grains for heat-assisted magnetic recording with a low Gilbert damping in the hard magnetic part α HM = 0.02. The simulations for a cylindrical recording grain with d = 5 nm and h = 8 nm were performed with the atomistic simulation program VAM-PIRE. The damping constant of the soft magnetic material was assumed to be enhanced by doping the soft magnetic material with transition metals. The simulations showed that larger damping constants lead to smaller jitter and higher switching probabilities. A damping constant α SM = 0.1, in combination with an exchange interaction J ij,SM = 7.72 × 10 −21 J/link and an uniaxial anisotropy constant k u,SM = 0 J/link, led to the best results in terms of small down-track jitter and high switching probability in a wide range of down-track and offtrack positions. Interestingly, the soft magnetic composition is almost the same as for the structure with α HM = 0.1 obtained in a previous work [21] . In further simulations the amount of hard and soft magnetic material was varied. Surprisingly, the results showed that a higher amount of soft magnetic material leads to smaller down-track jitter. This is not as expected since for α HM = 0.1 an increase of the soft magnetic material led to larger AC noise [21] . However, it can be easily explained why a higher amount of soft magnetic material leads to better jitter results. Studying the influence of the damping constant on the down-track jitter shows that an increase of the damping constant from 0.02 to 0.1 reduces the down-track jitter by almost 30%. Additionally,the maximum switching probability increases to 1. Since it can be seen that higher damping leads to smaller jitter and higher maximum switching probability, it is reasonable that a higher amount of soft magnetic material with α SM = 0.1 leads to a better recording performance. In the former work the improved performance due to higher damping was not an issue since the damping constant was 0.1 in both layers. This explains the different ratios of hard and soft magnetic material. Furthermore, we analyzed the increase of the areal density can be improved if the optimized bilayer structure is used instead of pure hard magnetic recording material. This was done by analyzing the signal-to-noise ratio (SNR). The results showed that the areal density of the optimized bilayer structure could be increased by 1 Tb/in 2 to achieve the same SNR as for the pure hard magnetic structure. In other words, that means that at a certain areal density, the SNR was increased by 2 dB by using the optimized structure. Concluding, the optimized bilayer structure is a promising design to increase the areal storage density by just modifying the recording material. 
